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402Objective:An ectopic coronary artery that courses between the aortic root and the pulmonary trunk may lead to
sudden cardiac death, especially in athletes. It has been speculated that during exercise, compression of the cor-
onary artery between the great vessels may impair coronary blood flow and produce myocardial ischemia and
fatal arrhythmia. However, this hypothesis cannot be tested in humans, and little experimental data exist to ex-
plain this phenomenon. To this end, in a calf with an anomalous left coronary artery that coursed from the right
sinus of Valsalva between the great vessels, we assessed for myocardial ischemia during pharmacologically in-
duced tachycardia and hypertension.
Methods:We identified a juvenile male calf (103 kg) with an anomalous left coronary artery from the right sinus
of Valsalva that coursed between the great vessels. Via thoracotomy, the animal was instrumented for hemody-
namic measurements. Intravenous dobutamine increased heart rate and myocardial metabolic demands. Intra-
venous phenylephrine produced arterial hypertension and increased myocardial metabolic demands.
Fluorescent-labeled microspheres were used to map regional myocardial blood flow, and hemodynamics
were recorded during each condition. Masson’s trichrome staining for fibrosis, wheat-germ agglutinin staining
for myocyte size, terminal deoxynucleotidyl transferase dUTP nick end-label staining for apoptosis, and
isolectin-B4 staining for capillary density were performed.
Results: For the first time, empiric data documented that an ectopic coronary artery produced myocardial ische-
mia during elevated myocardial metabolic demands. Left coronary artery resistance increased in a cardiac cy-
cle–dependent pattern that was consistent with systolic compression between the great vessels. Increased cardiac
fibrosis, myocyte hypertrophy, cardiac apoptosis, and capillary density indicated that regional ischemic,
inflammatory-mediated myocardial remodeling was present.
Conclusions: These findings confirm the proposed mechanism of sudden death and support early surgical repair
of coronary arteries that course between the aortic root and the pulmonary trunk. (J Thorac Cardiovasc Surg
2012;144:402-8)An ectopic coronary artery is a well-described congenital
malformation. In 1990, an angiographic survey of
126,595 patients reported that 1 out of 660 humans
(0.15%) is born with a coronary artery that originates
from the opposite sinus of Valsalva.1 Most patients are
asymptomatic, yet the initial presentation is often sudden
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The Journal of Thoracic and Cardiovascular Surgtomograpic angiography has increased the identification
of this anomaly. However, guidelines for management
have not been well defined,8,9,11 in part because of a lack
of mechanistic data.
Anatomies in which a coronary artery courses between
the aortic root and the pulmonary trunk are associated
with the highest mortality. In these patients, investigators
have speculated that during exercise, compression of the
coronary artery between the great vessels may impair coro-
nary blood flow and produce myocardial ischemia and fatal
arrhythmia.2,4 However, this hypothesis has not been tested
in humans, and little experimental data exist to explain this
phenomenon.
To elucidate potential pathophysiologic mechanism(s) of
sudden death, we tested the hypothesis that increased coro-
nary resistance from compression of a coronary artery be-
tween the great vessels resulted in myocardial ischemia
during elevated myocardial metabolic demands. We identi-
fied a calf with an anomalous left coronary artery (LCA)
from the right sinus of Valsalva that coursed between the
aortic root and the pulmonary trunk and investigated
whether increased myocardial metabolic demandsery c August 2012
Abbreviations and Acronyms
FITC ¼ fluorescein isothiocyanate
LCA ¼ left coronary artery
LV ¼ left ventricular
RV ¼ right ventricular
RCA ¼ right coronary artery
TUNEL ¼ terminal deoxynucleotidyl transferase
dUTP nick end labeling
Bartoli et al Congenital Heart Disease(increased heart rate or hypertension) resulted in regional
myocardial ischemia. Histology was performed to evaluate
for regional, ischemic myocardial remodeling.C
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Surgical Preparation
The experimental subject received humane care. Experimental proce-
dures followed animal study protocols approved by the University of
Louisville Institutional Animal Care and Usage Committee.
A male, Holstein-Jersey mix calf (103 kg) was studied. The animal was
purchased from Oak Hill Genetics (Ewing, Ill). After arrival at the Univer-
sity of Louisville, the animal passed a standard health screening and a
2-week quarantine. Physical examination, transthoracic echocardiography,
and laboratory values were unremarkable.
The animal was initially enrolled in a coronary microembolization
study. However, in the catheterization laboratory, multiple attempts to se-
lectively engage the LCA trunk were unsuccessful. An aortogram was per-
formed, and it was found that both the right coronary artery (RCA) and
LCA emerged from the right sinus of Valsalva. The LCA trunk passed be-
tween the pulmonary trunk and the aortic root. The RCA appeared anatom-
ically normal but small and indicated a left-dominant coronary system.
Because of the rare anatomy in this animal, we did not proceed with the ex-
perimental protocol, and the animal recovered without incident.
Two weeks later, after appropriate approval was obtained, an acute
procedure was performed to study the hemodynamics, regional myocar-
dial blood-flow distribution, and gross and microscopic anatomy in this
animal. The animal was anesthetized with isoflurane (3%–5%). Three
surface electrocardiographic leads were sutured to the animal’s skin. A
left thoracotomy was performed in the fourth intercostal space. The an-
imal was anticoagulated with intravenous heparin (100 units/kg). A
high-fidelity micromanometer catheter (Millar Instruments, Houston,
Tex) was placed to measure aortic blood pressures. A Transit-time ultra-
sonic flow probe (Transonic Systems Inc, Ithaca, NY) was placed around
the distal LCA trunk to measure volumetric coronary blood flow. Sili-
cone catheters (7F) were advanced into the left atrial appendage and de-
scending aorta for serial delivery of 15-mm fluorescent-labeled
microspheres and reference blood sampling to map regional myocardial
blood flow.12,13
Experimental Protocol
Intravenous dobutamine (5–15 mg/kg/min) was administered to simu-
late the increasing levels of myocardial metabolic demands during in-
creasing intensity of exercise in order to detect inducible demand
ischemia.14 Later, phenylephrine (20–50 mg/min) was administered to
produce systemic arterial hypertension.15 During each simulated physio-
logic condition, fluorescent-labeled microspheres were injected to map
regional myocardial blood flow,12,13 and hemodynamic data were
collected.The Journal of Thoracic and CaRegional Myocardial Blood Flow Analysis
During each experimental condition, a separate color of fluorescent-
labeled, 15-mm microspheres (IMT Stason Laboratories, Irvine, Calif)
were injected into the left atrium and a reference blood sample was simul-
taneously withdrawn from aorta.
The microsphere technique enabled the precise measurement of re-
gional blood flow in myocardium as follows. In the left atrium, the micro-
spheres mixed with the blood and were ejected into the aorta to disseminate
throughout the body to every organ according to the physiologic distribu-
tion of blood flow. As the microspheres approached capillaries, they lodged
within the smallest pre-capillary arterioles based on regional tissue blood
flow patterns.
Duringmicrosphere injection, a reference blood-flow samplewas drawn
from the aorta at a rate of 15 mL/min for 100 seconds with a calibrated sy-
ringe pump (Harvard Apparatus, Holliston, Mass). The withdrawal sample
acted as a reference to determine regional myocardial blood flows in mil-
liliters per minute per gram of tissue.12
After euthanasia, the heart was removed and photographed. The ventri-
cles were sectioned into a multilevel map (Figure 1, A and C). Tissue sec-
tions and reference blood samples were sent to IMT Stason Laboratories
for automated digestion and counting of fluorescent microspheres with
flow cytometry. Regional blood flows were calculated in milliliters per
minute per gram of myocardium. The number of counted microspheres
in the reference blood sample (known) was compared with the number
of microspheres that lodged and were counted in the myocardial sample
of interest (known). The ratio between the 2 sphere counts was equal to
the ratio between the calibrated rate of aortic withdrawal (known – 15
mL/min) and flow in the tissue of interest (unknown). Regional myocardial
blood-flowmapswere constructed on a piece-by-piece basis as a percentage
change from baseline.Hemodynamic Data Reduction and Analysis
Hemodynamic transducers were pre- and post-calibrated against
known physical standards to ensure measurement accuracy. Data were
collected at 400 Hz, signal conditioned, and A/D converted for digital
analysis with our Good Laboratory Practice–compliant data acquisition
system.16
To determine hemodynamic values during each physiologic condition,
pressure and coronary flow waveforms were used to derive aortic systolic
and diastolic blood pressures, and mean and peak systolic and diastolic cor-
onary blood flows. Hemodynamic values were calculated on a beat-to-beat
basis for each 30-second data set with the Hemodynamic Evaluation and
Assessment Research Tool program17 developed in MATLAB, version
6.5 (MathWorks, Natick, Mass). All analyzed beats in each data set
(40–90 beats/30-second data set) were averaged to obtain a single repre-
sentative meanvalue.We defined systolic coronary resistance as the ratio of
mean systolic blood pressure to mean systolic coronary flow and diastolic
coronary resistance as the ratio of mean diastolic blood pressure to mean
diastolic coronary flow. During the transition from normal baseline
blood pressure to hypertension, volumetric coronary blood flow and coro-
nary resistance were reported as a percentage change from baseline
(Figure 1, D and E).Histology
Histology was performed on samples from left ventricular (LV) and
right ventricular (RV) myocardium (Figure 2, C–J) and compared with es-
tablished bovine values.18 Paraffin-embedded tissue sections (4 mm) were
deparaffinized, rehydrated, and stained. Regional myocardial fibrosis was
quantified with Masson’s trichrome staining as the ratio of area occupied
by collagen stain to the area of myocardium sampled. Regional myocyte
size was determined with fluorescein isothiocyanate (FITC)-conjugated
wheat-germ agglutinin and DAPI (Molecular Probes, Grand Island, NY)
nuclear co-staining to delineate the cell membrane in 100 cross-sectionalrdiovascular Surgery c Volume 144, Number 2 403
FIGURE 1. Regional myocardial blood flow was measured in a bovine heart with an LCA that emerged from the right sinus of Valsalva and coursed
between the great vessels. A, Lead II electrocardiographic tracings demonstrated ST-segment depression that worsened with increasing heart rate. Re-
gional myocardial blood-flow mapping of the ventricles demonstrated a large area of myocardial ischemia. B, At rest, LV myocardial blood flow was
greater than RV myocardial blood flow (P ¼ .06). At elevated heart rates this trend reversed, and blood flow to myocardium supplied by the anomalous
LCA was significantly lower than to myocardium supplied by the normal RCA (*P<.01). C, During the transition from normal blood pressure to hy-
pertension, volumetric LCA blood flow tracings showed abnormal decreases in peak and mean systolic and peak diastolic coronary blood flows versus
during baseline blood pressure. Similarly, myocardial blood-flow maps showed that, during the hypertension condition, blood flow to LCA myocardium
did not increase appropriately and decreased in some regions. Myocardium supplied by the normal RCA showed a normal increase in blood flow during
hypertension. D, In control calves (n ¼ 9), hypertension increased coronary blood flow during all phases of the cardiac cycle. However, in the present
animal, hypertension decreased systolic and beginning diastolic coronary blood flows. E, The abnormal coronary blood-flow profiles shown in C and D
were caused by a large, inappropriate increase in coronary resistance during systole. This abnormal pattern of cardiac cycle-dependent coronary resis-
tance and blood flow demonstrated a pattern consistent with systolic aortic root compression of the LCA. HR, Heart rate; LCA, left coronary artery;
RCA, right coronary artery; CAF, coronary artery flow; MAP, mean arterial pressure; S, systole; D, diastole; bpm, beats per minute. *P< .01 LCA
vs RCA myocardial sections.
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Dcells with centrally located nuclei. Regional apoptosis in cardiac tissue was
determined with the DeadEnd Fluorometric TUNEL System (Promega
Corp, Madison, Wis), which catalytically incorporates fluorescein-12-
dUTP at DNA strand breaks in cells actively undergoing programmed
cell death. Nuclei were counterstained with DAPI. Regional myocardial
capillary density was determined with FITC-conjugated isolectin-B4 stain-
ing of endothelium as the ratio of area occupied by isolectin-B4 stain to the
area of myocardium sampled. Images were viewed with epifluorescence
microscopy (Nikon TE2000; Nikon Corp, Tokyo, Japan) and analyzed
with Metamorph Imaging Software (Molecular Devices Inc, Sunnyvale,
Calif).404 The Journal of Thoracic and Cardiovascular SurgControl Animals
For comparison, control calves with normal coronary anatomy (n¼ 9)15
were studied. Animals were instrumented via thoracotomy for hemody-
namic coronary blood flow measurement during pharmacologically in-
duced hypertension with phenylephrine (20–50 mg/min).Statistics
GraphPad Prism version 4.0 (GraphPad Software Inc, La Jolla, Calif)
was used to perform statistical analyses and plot data. Microsphere tissue
pieces were separated into territory supplied by the LCA and RCA. Anery c August 2012
FIGURE 2. A, In the catheterization laboratory, an aortogram revealed an ectopic LCA that emerged from the right sinus of Valsalva. B, Gross examination
fromwithin the aortic root demonstrated that the ostium of the LCA originated at an acute angle from the right aortic sinus (arrow). A normal RCA ostium is
visible in the right sinus of Valsalva. C and D, Masson’s trichrome staining exhibited normal levels of fibrosis in RV myocardium (C) and elevated fibrosis
and myocyte hypertrophy in LVmyocardium. 403, black bar¼ 100 mm. E and F, FITC-conjugated wheat-germ agglutinin staining confirmed normal sized
myocytes in RV myocardium (E) and grossly hypertrophic myocytes in LVmyocardium (F). 403, white bar¼ 100 mm. G and H, TUNEL staining revealed
an elevated apoptotic rate throughout the heart. G, Two TUNELþnuclei are seen in close proximity in a small sample of LVmyocardium. DAPI nuclear stain
and FITC TUNELþnuclear stain overlay. 403, white bar¼ 100 mm. H, Numerous TUNELþcells are noted in close proximity to a large-caliber intramural
coronary artery and vein: Bright field and DAPI nuclear stain and FITC TUNELþ nuclear stain overlay. 23, white bar ¼ 1000 mm. I and J, Endothelial
staining of transverse and longitudinal myocardial sections with FITC-conjugated isolectin-B4 demonstrated higher capillary density and more collateral
channels (longitudinal vessels in the transverse plane) in LV myocardium (J) than in RV myocardium (I), which suggested ischemia-induced neovascula-
rization. 103, white bar ¼ 400 mm.
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Dunpaired, 2-tailed Student t test was performed to compare differences in
myocardial blood flow between the 2 territories (Figure 1, B). All data
are presented as mean  standard error.RESULTS
Myocardial Blood Flow
At a baseline heart rate, blood flow to myocardium sup-
plied by the anomalous LCAwas greater than that supplied
by the RCA (Figure 1, B: 85 beats/min; LCA 0.89 0.02 vs
RCA 0.82  0.04 mL/min/g, P ¼ .06). The electrocardio-
gram was normal, and myocardial blood flow was likelyThe Journal of Thoracic and Caunimpaired at baseline (Figure 1, A). However, as heart
rate increased, blood flow to the LCA myocardium was
20% lower than in the RCA myocardium (Figure 1, B:
155 beats/min, LCA 1.51  0.05 vs RCA 1.76  0.08
mL/min/g, P< .01; 175 beats/min, LCA 2.58  0.08 vs
RCA 3.21  0.24 mL/min/g, P< .01). Regional blood-
flow mapping depicted impaired myocardial blood flow
that worsened as heart rate increased (Figure 1, A). Electro-
cardiograms recorded ST-segment depression that wors-
ened at higher heart rates in a dose-dependent fashion
(Figure 1, A).rdiovascular Surgery c Volume 144, Number 2 405
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that increased coronary resistance impaired LCA flow. In
control calves with normal coronary anatomy (n ¼ 9),15
the transition to arterial hypertension (mean arterial pres-
sure: untreated baseline 90  3 mm Hg, treated 124  2
mm Hg) increased coronary blood flow during all phases
of the cardiac cycle. However, in the present animal with
the coronary anomaly, hypertension (mean arterial pres-
sure: untreated baseline 92 mm Hg, treated 124 mm Hg) in-
creased coronary resistance and decreased LCA blood flow
during systole and beginning diastole in a pattern that was
consistent with aortic root compression (Figure 1, C–E).Gross Findings
Gross examination from within the aortic root demon-
strated that the left sinus of Valsalva did not contain
a coronary ostium. The ostium of the LCA originated
with a slit-like opening at an acute angle from the right aor-
tic sinus (Figure 2, B, arrow). A short aortic intramural seg-
ment was present just above the anterior aortic valve
commissure, and the anomalous LCA assumed an oval
shape until the bifurcation of the left anterior descending
and left circumflex coronary arteries. Approximately 1.5
cm of the anomalous trunk coursed between the aortic
root and the pulmonary trunk. A normal right ostium was
present in the right sinus of Valsalva.Histopathology
Regional myocardial remodeling was present in the dis-
tribution of the anomalous LCA. Masson’s trichrome stain-
ing revealed elevated fibrosis in LV myocardium (Figure 2,
C and D: LV 6.8%, RV 4.9%, vs normal control LV 3.5%
 1.1%, RV 4.6%  0.8%18). LV myocytes appeared hy-
pertrophic. Wheat-germ agglutinin staining also demon-
strated myocyte hypertrophy in LV myocardium
(Figure 2, E and F: myocyte size: LV 467  19 mm2, RV
99  3 mm2 vs normal control LV 186  40 mm2, RV 112
 6 mm2).18 Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining demonstrated abnor-
mal numbers of apoptotic nuclei throughout the heart
(Figure 2, G and H: LV 1.2%, RV 0.3% vs normal control
LV 0.04%  0.02%, RV 0.15%  0.09%).18 Isolectin-B4
staining of endothelium demonstrated increased capillary
density and collateralization in LV myocardium (Figure 2,
I and J: LV 21%, vs RV 13%).DISCUSSION
For the first time, these data documented that an ectopic
coronary artery produced myocardial ischemia during ele-
vated myocardial metabolic demands (Figure 1). LCA re-
sistance increased in a cardiac cycle-dependent pattern
that was consistent with systolic aortic root compression.406 The Journal of Thoracic and Cardiovascular SurgAnomalous Coronary Blood Flow Physiology
In normal mammals at rest, LV myocardial blood flow
exceeds RV myocardial blood flow.19 Indeed, as antici-
pated, at a baseline heart rate in this animal, blood flow to
myocardium supplied by the anomalous LCA was greater
than blood flow to myocardium supplied by the RCA
(Figure 1, B). This finding and a normal electrocardiogram
at rest suggested that myocardial blood flow was not im-
paired at baseline in this animal.
In normal mammals during exercise, LV blood flow ex-
ceeds RV blood flow by up to 20%.19 Yet, as heart rate in-
creased in this animal, blood flow to LCA myocardium was
20% lower than in RCA myocardium (Figure 1, B), and
electrocardiographic changes were noted that were consis-
tent with LV myocardial ischemia (Figure 1, A). These find-
ings suggested that the anomalous LCA was unable to
provide sufficient coronary flow to meet elevated LV myo-
cardial metabolic demand.
Normally, the majority of coronary blood flow occurs
during diastole. Systolic squeezing of the myocardium col-
lapses coronary arterioles, and it is not until diastole when
the heart relaxes that coronary resistance decreases and
blood flow increases. In normal animals, the transition to ar-
terial hypertension increases coronary blood flow during all
phases of the cardiac cycle. However, in the present animal,
arterial hypertension increased coronary resistance and
decreased LCA blood flow during systole and beginning
diastole. This pattern was consistent with aortic root
compression—it was not until mid-diastole, after aortic re-
coil, that coronary resistance decreased (Figure 1, E), and
mean diastolic coronary flow increased appropriately
(Figure 1, D). These findings suggested that compression
of the anomalous LCA between the aortic root and the pul-
monary trunk produced myocardial ischemia.
It was not possible to evaluate the relative contributions
from compression between the great vessels, the slit ostium,
or unfavorable geometry of the LCA to the measured
changes in coronary resistance. Of note, the pattern of sys-
tolic and early diastolic increase in resistance and decrease
in flow were consistent with the timing of aortic root and
pulmonary trunk expansion. Therefore, it cannot be ruled
out that circumferential expansion of the aorta caused a dy-
namic narrowing of the slit opening, which may have con-
tributed to increased coronary resistance and impairment of
coronary blood flow.Inflammatory-Mediated Ischemic Myocardial
Remodeling
Histologic changes consistentwith ischemic, inflammatory-
mediated myocardial remodeling were noted globally
throughout the heart. In the left ventricle, repeated, brief cor-
onary flow impairment during normal elevations of myocar-
dial metabolic demands may have produced mild ischemicery c August 2012
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hypertrophy of remaining myocytes was observed. Likewise,
increased capillary density and collateralization in LV myo-
cardium were present. Capillary density is normally uniform
throughout the heart.20 Therefore, this finding further sup-
ported ischemia-induced injury and neovascularization.21
In response to ischemic myocardial injury, splenic reser-
voir mononuclear cells exit the spleen en masse and
accumulate throughout the heart to participate in post-
infarction myocardial remodeling.22 These potent undiffer-
entiated inflammatory cells play an important role in
orchestrating the construction and maintenance of the
myocardial scar, but also affect myocardial remodeling in
the ischemic penumbra and in distant myocardium. In the
present animal, TUNEL staining demonstrated abnormal
numbers of apoptotic nuclei throughout the heart. Myocyte
apoptosis is rare in the myocardium. Consequently, the
quantity and proximity to vasculature (Figure 2, H) sug-
gested that many of the apoptotic nuclei were transient
immunologic cells that had extravasated to participate in is-
chemic, inflammatory-mediated myocardial remodeling.23
Clinical Implications
Our findings support the consistent association between
anomalous coronary arteries and sudden cardiac death.1-11
In these individuals, inadequate coronary flow during
aerobic exercise may upset the myocardial oxygen supply–
demand relationship. Likewise, chronic hypertension or
acute hypertension during anaerobic exercise may decrease
blood flow when the coronary courses between the great
vessels. As a result, acute ischemia may trigger fatal
arrhythmia, or episodic ischemia may produce a remodeled
and electrically unstable myocardial substrate predisposed
to life-threatening ectopy.
This study is especially salient for young athletes inwhom
coronary anomalies account for 17% of sudden cardiac
deaths.10 The firstmanifestation in these asymptomatic indi-
viduals is typically sudden death.4,5 In symptomatic patients
in whom this anomaly is identified, it is widely accepted that
corrective surgery should not be delayed.3,7 However, there
is not a consensus that all patients with this anomaly should
undergo operative therapy.8,9,11 Our data demonstrate that
an anomalous coronary artery that courses between the
great vessels may result in inadequate regional myocardial
blood flow. Therefore, these findings support surgical
repair in patients with acceptable operative risk.
These are the first empiric data to document myocardial
ischemia with an anomalous LCA from the right sinus of
Valsalva during increased myocardial metabolic demands.
Ischemic myocardial remodeling was present. These find-
ings support early surgical repair of this anomaly. If elective
surgery is declined, pharmacologic therapy, such as beta-
adrenergic blockade, may be considered to decrease myo-
cardial metabolic demands. Appropriate management ofThe Journal of Thoracic and Cahypertension may also decrease the likelihood of myocar-
dial ischemia.Limitations
A limitation was that this study was performed in a sin-
gle calf. Coronary anomalies are rare, and an anomalous
LCA from the right sinus of Valsalva has never been de-
scribed or studied in an experimental large animal. As
such, it was not feasible to increase the sample size.CONCLUSIONS
Notwithstanding this limitation, the current study con-
tains several strengths that included a clinically relevant
large-animal model, multiple measurements of coronary
blood flow, regional myocardial blood flow, systemic hemo-
dynamics, and electrocardiography during different physio-
logic conditions and multiple histologic measurements of
myocardial remodeling. Each type of data demonstrated pa-
thology consistent with an ischemic cause and support pre-
viously proposed hypotheses about the mechanism of
sudden death with an anomalous coronary artery from the
right sinus of Valsalva.
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